We have developed a single-breath-hold photoacoustic computed tomography (SBH-PACT) system to detect tumors and reveal detailed angiographic information about human breasts. SBH-PACT provides high spatial and temporal resolutions with a deep in vivo penetration depth of over 4 cm. A volumetric breast image can be acquired by scanning the breast within a single breath hold (~15 sec).
INTRODUCTION
Breast cancer is the second most common cause of cancer-related deaths in the U.S. [1] . While x-ray mammography is currently the gold standard for detecting breast cancer, it utilizes ionizing radiation and has low specificity [2] ; it also has low sensitivity in women with dense breasts [3] . Breast MRI typically employs IV contrast agents that may cause kidney damage [4] , and it requires protracted scans (~45 min.) [5] . Ultrasonography can be an adjunct modality, but its reliability depends on the operator's experience [6, 7] . To provide highly sensitive functional optical contrasts, diffuse optical tomography has been investigated. However, it suffers from poor spatial resolutions [8] . Overall, each modality has notable advantages and limitations.
Photoacoustic (PA) computed tomography (PACT) is a promising imaging modality that overcomes many of these limitations [9] . For breast imaging, PACT offers sufficiently deep nonionizing optical penetration [10] as well as high spatiotemporal resolutions. As the principal optical absorber in the near-infrared region, hemoglobin provides an endogenous contrast to reveal angiogenesis [11] [12] [13] and hypoxia [14, 15] , which play important roles in tumor growth and metastasis [16] .
Here, we report a single-breath-hold PACT (SBH-PACT) system that features a deep penetration depth (over 4 cm in vivo) with high spatial and temporal resolutions (255-µm in-plane resolution and a 10-Hz 2D frame rate). Scanning the entire breast within a single breath hold (~15 sec) yields a volumetric breast image with detailed angiographic structures and negligible breathing-induced motion artifacts. In conjunction with anatomical imaging, SBH-PACT's high imaging speed allowed us to perform PA elastographic measurements, which disclosed stiffer tumor regions and provided another contrast to detect breast cancer. SBH-PACT also monitored blood flow-mediated deformations at the heartbeat frequency and mapped the arterial networks in breasts.
RESULTS

Performance assessment on healthy breasts
Each subject was positioned prone with one breast dependent through a large aperture in a bed. An agar pillow underneath the breast lightly pressed it against the chest wall ( Fig. 1) . Beneath the bed, a 1064-nm laser beam was expanded into a donut shape and directed upward to illuminate the breast.
To provide 2D panoramic acoustic detection, we used a 512-element full-ring ultrasonic transducer
array that detected PA waves around the breast. The transducer array was motorized by a linear stage to elevationally scan the breast. Four sets of 128-channel preamplifiers and acquisition systems were connected to the ultrasonic array. The data acquisition systems were set to record PA signals within 100 µs after each laser pulse excitation. Before imaging breast cancer patients, we first imaged a healthy female volunteer to optimize and assess the performance of the system. By scanning within a single breath hold of 15 seconds, SBH-PACT clearly revealed the detailed angiographic structures of the entire breast, visualizing the vasculature down to an apparent vascular diameter of 258 µm. By continuously monitoring arterial pulsatile deformations, SBH-PACT identified arteries and veins in a breast cross section.
SBH-PACT of breast cancer anatomy, segmentation, and elastography
Angiogenesis is the essential hallmark by which SBH-PACT identifies lesions. Enclosed by white dashed circles, a breast tumor is clearly visible in the depth-encoded image of Fig. 2 . The tumor's position was well correlated with the results of x-ray mammograms (Fig. 2a) and ultrasound-guided biopsies.
Proc. of SPIE Vol. 10494 104942X-3 Other than directly observing angiogenesis, the difference in compliance between tumors and surrounding normal breast tissue was also revealed by SBH-PACT. Different from ultrasonic elastography, SBH-PACT-elastography evaluated area-quantificational grids between vessels. We first demonstrated this method on breast-mimicking phantoms and then applied it to image affected breasts. To assess minor deformations caused by breathing, SBH-PACT continuously quantified the relative area changes in a breast cross section. Because breast tumors are generally stiffer than normal breast tissue [17] , the region with lower area changes indicated the breast tumor (Fig. 2c) .
In assessing angiogenesis via angiograms, the only tumor we missed was located in a marginal region of a D cup breast, where we did not deposit enough light. However, SBH-PACT-elastography revealed this tumor by identifying the stiffer tumor region. Taking advantage of the short time requirement for the elastographic measurement (~10 sec), SBH-PACT can improve the sensitivity of breast cancer detection by imaging both angiographic anatomy and tissue compliance within ~30 sec.
Statistics
We imaged a healthy female volunteer and seven breast cancer patients. Breast sizes ranged from B cup to DD cup, and skin pigmentations ranged from light to dark. By revealing higher blood vessel MRI, yet with finer spatial resolution, higher imaging speed, and endogenous contrast. These advantages give SBH-PACT the potential to monitor breast cancer responses to neoadjuvant chemotherapy.
